The spin-polarized fully relativistic screened Korringa-Kohn-Rostoker method is applied to calculate magnetic interface coupling energies ͑MICE's͒ for Fe multilayers in Au͑100͒, separated by up to 16 spacer layers of Au. With respect to the antiparallel as well as to a perpendicular relative orientation of the magnetization in the Fe slabs the MICE's as calculated ͑a͒ in terms of total energies, ͑b͒ within the force theorem approximation, and ͑c͒ within the frozen potential approximation are discussed using the concept of layer-resolved quantities. In particular the comparison between the total energy and the force theorem approach is presented in some detail because of possible implications for an ab initio description of transport properties in multilayer systems. ͓S0163-1829͑96͒01733-X͔
I. INTRODUCTION
An experimental study of magnetic interface coupling typically is based on a sample setup consisting of a magnetic whisker as a substrate, a nonmagnetic spacer wedge, and a magnetic overlayer, whereby the whisker can also be replaced by a reasonably thick layer of a magnetic metal well grown on a suitable substrate and the magnetic overlayer can have a cap. Scanning the thickness of the wedge and measuring simultaneously, for example, the orientation of the magnetic field in the magnetic overlayer eventually shows the by-now famous oscillations for the orientation of the magnetic field. For example for Fe/Au/Fe multilayers it was found 1 that the orientation of the magnetization is in the plane of the overlayer and that by fitting the observed oscillations to a model for bilinear coupling two periods of oscillations could be extracted. Quite clearly, possible surface reconstructions and different growing conditions do matter; however, at least the periods of oscillations seem to be quite reproducible.
In order to describe theoretically the magnetic interface coupling ͑see, e.g., Ref. 2 and references therein͒, three main aspects should be observed: Namely, ͑1͒ the experimental measurements are performed only for truely semi-infinite systems, ͑2͒ microscopic interdiffusion and macroscopic roughness can occur, and last but not least ͑3͒ in principle the actual orientation of the magnetization has to be taken into account. The first aspect implies that for any system under consideration ͑at best͒ only two-dimensional translational invariance applies. The second aspect invokes in particular experimental guidance, since at least typical concentration profiles in the vicinity of the occurring interfaces are needed. Nevertheless, theoretical studies to describe the effect of surface roughness are already on the way. 3 It is now generally accepted that in the asymptotic limit the experimentally observed oscillatory behavior of the coupling is governed by the spacer Fermi surface. 4 But there still remain a few questions concerning the role of relative orientations, sometimes referred to as ''biquadratic coupling. '' 5 This aspect, however, is of purely theoretical nature: Only in a ͑fully͒ relativistic description can an orientation of the magnetization be defined. There is also little known about other physical quantities -like charges, induced moments, etc. -in the limit of small spacer thicknesses, which in turn might be of crucial importance for transport properties. Quite clearly a study of these properties requires self-consistent calculations and an analysis of corresponding results to frozen potential and force theorem calculations frequently found in the literature.
In the present paper the spin-polarized fully relativistic screened Korringa-Kohn-Rostoker ͑KKR͒ method for twodimensional translational-invariant systems 6 is applied in order to calculate magnetic interface coupling energies ͑MICE's͒ for Fe multilayers in Au͑100͒ corresponding to antiparallel and to perpendicular global orientations of the magnetization in the Fe layers separated by Au spacer layers. Particular emphasis will be given to ''traditional'' approximations for the MICE's such as the frozen potential approximation and the force theorem approximation, and their possible implications for transport properties.
II. THEORETICAL CONSIDERATIONS
In general, in a relativistic spin-polarized multiple scattering theory the system is described by an effective KohnSham-Dirac Hamiltonian 7, 8 H͑r͒ϭc␣-pϩ␤mc
where the ␣ i (iϭ1,2,3͒ and ␤ are Dirac matrices, i (iϭ1,2,3͒ Pauli matrices, I 4 is a 4ϫ4 unit matrix, and V(r) and B eff (r) usually are chosen to be of muffin-tin form
Here the R i specify the positions of the scattering sites, r i ϭrϪR i , r i ϭ͉r i ͉, S i is the corresponding muffin-tin radius, and the sum extends over all scattering sites i. For a chosen set of orientations ͕ê i ͖ the potentials V i (r i ) and effective exchange fields B i eff (r i ) are determined self-consistently and the total energies are then compared to each other. A direction ê i can be given, e.g., by the direction of the corresponding in-plane projection ê i,ʈ and by an azimuthal angle i defining the projection onto the z axis ͑normal to the planes͒. Furthermore, by choosing an in-plane vector n , a rotation around the z axis, R i , can be defined for each layer i such that ê i,ʈ ϭR i n . 9 Consequently, ͕ê i ͖ is uniquely characterized by the symbol
͑5͒
It should be emphasized that the very weak dependence of physical quantities on the choice of n is usually referred to as magnetocrystalline anisotropy. ͑two in the present calculations͒ between the left ͑right͒ Fe slab and the corresponding left ͑right͒ semi-infinite Au was included in the intermediate region. Throughout this paper only in-plane ( i ϭ0,᭙i) orientational configurations are considered with the particular choice of n ϭx. Keeping the orientations in the left part of the interface region uniformly fixed to xϭEx, where E denotes the identity rotation, and specifying a uniform in-plane orientation in the right part of the intermediate region ͑see Fig. 1͒: ͕x;E,E, . . . ,E,R,R, . . . ,R͖,
͑6͒
a particular orientational configuration can be labeled simply by R. For the present case of a ͑100͒ interface of a parent fcc lattice ͑one atom per unit cell͒ we considered the cases RϭE, C 4 ϩ , and C 2 . Quite clearly, RϭC 4 Ϫ would display a situation identical to RϭC 4 ϩ . In the spirit of the above, a label E refers to a ferromagnetic configuration; i.e., both in the left and the right halves of the intermediate region the magnetization is pointing along the x-axis, a label C 2 to an antiparallel and label C 4 ϩ to a perpendicular configuration. In order to calculate the magnetic interface coupling energy ͑MICE's͒, namely, the energy difference between a particular configuration R and the ferromagnetic one, three levels of sophistication can be applied; all three of them are more or less frequently used in the by-now vast literature on magnetic interface coupling. It should be noted that for inplane orientations of the magnetization as in the present case of a fcc ͑100͒ interface no contributions to the MICE's due to magnetostatic dipole-dipole interactions arise. 
A. Total energy calculations
Let ⌬⑀ i (R) denote the following difference of layerresolved total energies for a given arrangement of n layers of Fe and m layers of the spacer:
where i specifies a particular layer; then the MICE ⌬⑀(R) for a given configuration (R) is given by a summation over all layers in the interface region:
The advantages of a direct calculation of the MICE in terms of total energies are obvious; namely, simultaneously one obtains correct layer-resolved charges and magnetic moments ͑charge densities and magnetization densities͒, which can be of quite some importance for a description of physical properties other than the MICE such as, for example, transport properties. Furthermore, the MICE can formally be partitioned into contributions arising from the magnetic layers, the spacer, and the buffer ͑see also Fig. 1͒ ,
Unfortunately the disadvantage of this kind of approach is also obvious: Calculations tend to be extremely lengthy. 
B. Force theorem approximation
Suppose for one particular arrangement of n layers of Fe and m layers of the spacer the layer-dependent potentials V i (r i ) and effective fields B i eff (r i ) are calculated selfconsistently for the ferromagnetic configuration (E); then the MICE is approximated within the force theorem approximation as the following difference of band energies ͑see, e.g., Ref. 6͒:
such that
͑11͒
If the band energy is not calculated using the Lloyd formulation for the integral density of states, but in terms of layerresolved densities of states, then also ⌬⑀ FT (R) can be split up into contributions from the spacer and from the magnetic slabs.
C. Frozen potential approximation
Within the frozen potential approximation the MICE is again defined in terms of the differences of band energies,
however, the layer-dependent potentials in the interface region are constructed by replacing the potentials of the spacer by the corresponding bulk potential and using an ad hoc potential for the layers corresponding to the magnetic slabs; i.e., for the system under consideration,
In the present calculations whenever the frozen potential approximation is used, V Fe (r) and B Fe (r) are the potential and effective fields of a single layer of Fe in Au͑100͒, while V bulk (r) is the fcc bulk potential of Au. Frequently the potentials in the magnetic slabs are simply constructed by using a bulk potential of the magnetic metal adjusted to the Fermi level of the bulk metal corresponding to the spacer.
III. COMPUTATIONAL DETAILS
The spin-polarized relativistic version 6 of the screened Korringa-Kohn-Rostoker ͑KKR͒ method, 10, 11 was used selfconsistently within the local spin density approximation ͑LSD͒ and the atomic sphere approximation ͑ASA͒. Energy integrations were performed along a semicircular contour using a 15-point Gaussian sampling on an asymmetric ͑loga-rithmic͒ mesh. All values of ⌬⑀ Figure 2 shows the convergence of the MICE ⌬⑀(C 2 ) and ⌬⑀ FT (C 2 ) with respect to the number of k ʈ points used in the irreducible wedge of the surface Brillouin zone for two different cases, namely, for single layers of Fe separated by ͑a͒ three layers of Au and ͑b͒ nine layers of Au. The first case corresponds to a system with a thin spacer, while the second is representative for a system with a medium thickness of the spacer. These two systems were in particular investigated in all necessary details, since they also bracket situations of large and small MICE's. Inspecting first Fig. 2͑a͒ , one can see that ⌬⑀(C 2 ) and ⌬⑀ FT (C 2 ) are well converged; however, ⌬⑀ FT (C 2 ) is by about a factor of 7 smaller than ⌬⑀(C 2 ). This indeed is not surprising, since for thin spacers the effect of self-consistency has to be expected to be much larger than for thick spacers. Fig. 2͑b͒ illustrates that in the case of small MICE's ͓⌬⑀(C 2 ),⌬⑀ ϩ ͓see Eqs. ͑8͒ and ͑9͔͒ is shown for single layers of Fe, separated by m layers of Au. For RϭC 2 we also cross-checked the results of the fully relativistic calculations with the predictions of a scalar relativistic theory. As expected, the MICE from both approaches ͓see open and solid squares in Fig. 4͑a͔͒ compare well to each other, supporting the common believe that the MICE is mainly governed by the nonrelativistic exchange coupling, while additional effects related to relativity, i.e., spin-orbit coupling, play a minor role only. To confirm this we also investigated the dependence of the MICE with respect to the choice of n ͓see Eq. ͑5͒ and the comment below͔ and found that as compared to the case of n ϭx differences in corresponding MICE are within the present accuracy of calculating magnetic anisotropy energies; i.e., changes in the MICE caused by a different choice of n are of the order of 5%.
IV. RESULTS
As can be seen from this figure, ⌬⑀ FP (R) is distinctly negative for mϭ5, 8, 10, 13, 15 . These peaks are exactly at positions seen in the experiment 1 for Fe/Au/Fe multilayers. A short period of about 2.5 layers, which was found theoretically also by Bruno and Chappert, 12 can be directly read off from Fig. 4͑a͒ . It is also apparent from Fig. 4͑a͒ that the amplitudes corresponding to a perpendicular arrangement (C 4 ϩ ) are in general smaller than those corresponding to an antiparallel alignment (C 2 ). This implies that the ground state of the system corresponds either to a parallel or an antiparallel relative orientation of the magnetic field. Figure  4͑b͒ illustrates the preferred relative orientation as a function of spacer thickness and for different numbers of Fe layers. In principle Fig. 4͑b͒ can be directly compared to experimental data.
1
Of considerable theoretical interest is the relation of the frozen potential approximation with respect to the force theorem approximation and a direct calculation of MICE in terms of total energies. In order to illustrate the regimes of applications of these three approaches, in mation becomes virtually identical to the frozen potential approximation for mϾ6. For double and triple layers of Fe ͓see Figs. 5͑b͒ and 5͑c͔͒ this seems to be the case for mϾ10. Rather interesting is the behavior of ⌬E(R) for single and in particular for triple layers for mϾ10, since for RϭC 4 ϩ the total-energy-related values show about the same deviations from the frozen potential approximation as the force theorem ͑FT͒ values, while for RϭC 2 the deviations are of the order of about 0.1 mRy. Inspecting Fig. 5͑b͒ only, one might argue that for mϭ16 the k ʈ integration starts to become insufficient, which, however, in view of the C 4 ϩ results for single and triple layers of Fe is unlikely to be the case.
From Table I , listing componentlike contributions to the MICE, it is obvious that for RϭC 2 in the case of single layers of Fe for mϾ12 the contribution from the spacer is increasing quite a bit, while the contribution from the Fe layers is only slightly decreasing. For triple layers of Fe Table I reveals that for RϭC 2 the contribution of the spacer starts to oscillate for mϾ8, which in turn gives rise to the peculiar shape of the corresponding difference curve in Fig.  5͑c͒ . For double layers at mϭ16, both contributions, namely, from the Fe layers and the spacer, seem to matter. Table I is also interesting for two further reasons; namely ͑i͒ one clearly can read off from the buffer contribution the importance of the outer interfaces for systems with thin spacers and ͑ii͒ for a variety of systems the importance of the spacer contribution to the MICE is documented in a consistent manner. It should be recalled that all values in this table refer to a mesh of 45 k ʈ points.
In order to discuss these componentlike contributions in a more quantitative way, in Fig. 6 their convergence with respect to the applied k ʈ mesh is shown for single layers of Fe Fig. 2͑b͒ . From Fig. 6͑a͒ one safely can conclude that ͑1͒ the biggest contribution arises from the buffer and ͑2͒ the contributions from the Fe layers and the spacer layers are about the same. For large enough k ʈ points the contributions from the Fe layers and the spacer layers to the MICE of the nine-spacer-layer system are again about the same while the contribution from the buffer is smaller. It should be noted that in the case of nine spacer layers ⌬⑀(C 2 ) is an order of magnitude smaller than in the case of three spacer layers.
While MICE and even the componentlike contributions to these energies are basically global quantities, layer-resolved quantities offer a remarkable characterization of the difference between the force theorem approximation and the total energy approach. In Fig. 7 the ⌬⑀ i (R)'s and the corresponding differences for the charges and magnetic moments,
are displayed in comparison with the corresponding force theorem results for the case of double layers of Fe separated by 13 layers of Au and RϭC 2 . For this particular system the force theorem calculation and the total energy calculation of the MICE differ only by 0.009 mRy. As one can see from Fig. 7͑a͒ the force theorem approximation yields a very smooth variation of the MICE with respect to layers, while the total energy approach yields comparatively large values of ⌬⑀ i (R) for the two Fe layers and in the regime of the spacer. This strikingly different behavior becomes obvious looking at Fig. 7͑b͒ , showing the layer-resolved charges, Eq. ͑16͒. Now the force theorem values are rather large in the vicinity of the Fe layers. These difference charges in turn would cause differences in the layer-resolved Madelung potentials ͑see Ref. 10͒ in a self-consistent procedure, which ultimately are responsible for the oscillatory behavior of ⌬⑀ i (R) in Fig. 7͑a͒ . Finally in Fig. 7͑c͒ the differences of the magnetic moments, Eq. ͑11͒, are displayed. Quite clearly the force theorem values of ⌬m i (R) differ substantially from the corresponding values obtained within the total energy approach. Although the calculated MICE is almost identical in both calculations, local quantities such as layer-resolved charges and magnetic moments are remarkably different. It should be noted that in all cases investigated the same characteristic differences between the force theorem and the total energy calculations occur. This kind of difference one has to keep in mind when it comes to calculating transport properties, i.e., once attempts are made to calculate the giant magnetoresistance ͑GMR͒ in multilayer systems. It very well might turn out that in order to describe the GMR reasonably well, corresponding input data for a Kubo-Greenwood type description 13, 14 have to be derived from a total energy approach.
V. CONCLUSION
In principle a spin-polarized relativistic approach is capable of describing correctly any noncollinear magnetic structure by providing automatically the appropriate symmetry constraints. It should be noted that by applying, for example, the torque method ͑see, e.g., Ref. 5͒ ͑i.e., by using a tensorial representation of spin and configuration for the Hamiltonian or the Green's function without spin-orbit coupling͒ rotations around the z axis ͑perpendicular to the planes͒ are infinitesimal. Such an approach, although quite useful in expressing the MICE in powers of the cosine of a relative angle, suffers from a lack of physical significance of the involved quantities, since such an angle neither refers to a well-defined relative spin orientation nor to a well-defined relative orientation of the magnetization.
In the present paper, which deals with simple configurations of different orientations of the magnetization in different layers of a multilayer system in terms of the spinpolarized relativistic screened KKR method, even a global relative angle describing relative orientations of the magnetization is physically meaningful and well defined. Furthermore, by using layer-resolved quantities very detailed information about the MICE can be obtained, which by going beyond the frozen potential or force theorem approximation hopefully will permit one to perform also direct calculations of the giant magnetoresistance and/or the magneto-optical properties.
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